We study a spin-5/2 antiferromagnetic trimerized chain substance SrMn 3 P 4 O 14 using neutron powder diffraction experiments. The coplanar spiral magnetic structure appears below T N1 = 2.2(1) K. Values of several magnetic structure parameters change rapidly at T N2 = 1.75(5) K, indicating another phase transition, although the magnetic structures above and below T N2 are the qualitatively same. The spiral magnetic structure can be explained by frustration between nearest-neighbor and next-nearest-neighbor exchange interactions in the trimerized chains.
I. INTRODUCTION
Frustrated magnets can exhibit intriguing magnetic states such as the quantum spin-liquid state, [1] the chiral ordered state, [2, 3] the spin nematic or the multipolar state, [4, 5] and the spin-gel state. [6] Therefore, frustrated magnets have been investigated extensively. Among various frustrated magnets, frustrated spin chains provide ideal grounds for studies. [7, 8] Frustrated spin chains are simple models that still show surprisingly rich physics. For example, in the frustrated spin-1/2 chain with ferromagnetic nearest-neighbor and antiferromagnetic next-nearest-neighbor exchange interactions (J NN and J NNN interactions, respectively) in the presence of magnetic fields, theoretical studies predict various ground-state phases including the vector chiral phase, the nematic phase, other multipolar phases, and the spindensity-wave phases. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Several model substances have been found and are summarized in Table 1 in Ref. [19] or Fig. 5 in Ref. [20] . Experimental results are compared with theoretical results. [14, 18] Theoretical investigations were performed in frustrated longer-period spin chains such as alternating chains, [21] [22] [23] [24] while there is almost no model substance. To our knowledge, the only example is CuGeO 3 . The frustrated alternating spin-1/2 chain is realized in the spin-Peierls state. [25] [26] [27] [28] [29] [30] [31] [32] In most of one-dimensional magnets, the spin-spin distance in the J NNN interaction is large. Therefore, the J NNN interaction is usually much smaller than the J NN interaction. It is difficult to find model substances having frustrated spin chains.
We have paid our attention to SrMn 3 P 4 O 14 . We expected the J 1 − J 1 − J 2 trimerized chain shown in Fig. 1 . [33] The magnetization results could be explained using the spin-5/2 trimer formed by the antiferromagnetic (AF) J 1 interaction (J 1 /k = 4.0 K). [34] Magnetic excitations were observed in inelastic neutron scattering experiments and could be also explained using the trimer model. [35] Therefore, the J 2 value is small in comparison with the J 1 value. A magnetic phase transition appears at about 2.6 K. [33] Therefore, the J 2 interaction is not negligible. The J 2 interaction may be comparable to NNN exchange interactions in the chain. We expected the occurrence of an unconventional magnetic structure and performed neutron powder diffraction experiments. In this paper, we report that SrMn 3 P 4 O 14 shows a coplanar spiral magnetic structure. In the classical limit, the ground state of the frustrated uniform spin chain has a spiral magnetic structure with a pitch angle
[36] Similarly, we can explain the spiral magnetic Two kinds of short Mn-Mn bonds exist. The Mn-Mn distances are 3.26 and 3.31Å at 4.0 K. The exchange interaction parameters are respectively defined as J 1 and J 2 . The J 1 and J 2 interactions form a trimerized chain that is almost parallel to the b axis. The value of the antiferromagnetic J 1 interaction was evaluated as 3.4 to 4.0 K. [34, 35] The J 3 and J 4 interactions are the next-nearestneighbor exchange interactions in the chain. S 1,i , S 21,i , and S 22,i are spin operators. We use the parameters θ, ϕ 1 , and ϕ 2 to show angles between magnetic moments in a coplanar spiral magnetic structure. R 2 and R 4 indicate the positional vectors in the J 2 and J 4 Mn-Mn bonds, respectively. structure in SrMn 3 P 4 O 14 taking the J 1 , J 2 , and NNN exchange interactions in the chain into account.
II. EXPERIMENT
We synthesized SrMn 3 P 4 O 14 powders under hydrothermal conditions. [33] We carried out neutron powder diffraction experiments at the Swiss spallation neutron source SINQ in Paul Scherrer Institute. We used the high-resolution powder diffractometer for thermal neutrons HRPT (wavelength λ = 1.886Å, high intensity mode ∆d/d ≥ 1.8 × 10 −3 ) [37] and the high-intensity cold neutron powder diffractometer (DMC) with λ = 2.458Å. We performed Rietveld refinements of crystal and magnetic structures using the FULLPROF Suite program package [38] with the use of its internal tables for scattering lengths and magnetic form factors. Figure 2 depicts the neutron powder diffraction pattern of SrMn 3 P 4 O 14 recorded using the HRPT diffractometer with λ = 1.886Å at 4.0 K (paramagnetic state). The crystal structure model in the space group P 2 1 /c (No. 14) proposed in [33] fits well our data. The refined structure parameters are presented in Table I . They were kept fixed in the subsequent refinements of the magnetic structure. } resulting in the splitting of Mn2 (4e) into two independent orbits Mn21 and Mn22 sites. The little group has two 1D The intensity at 25 • is smallest at 1.5 K. As T is raised, the intensity at 25 • increases and is largest at 2.6 K. The pattern at 4.0 K is positioned just below the 2.6 K pattern.
III. RESULTS
irreducible representations (IRs) τ 1 and τ 2 with the characters for 2 y : ±e −iπky , respectively.
Both IRs enter three times the magnetic representation for all three Mn-sites. The basis functions for τ 2 dictate the absence of the (0, 1 − k, 0) magnetic reflection, which indeed has zero intensity. Therefore, we can immediately choose τ 2 . Nevertheless, we have performed a simulated annealing search of the magnetic structures for both IRs. The τ 2 produced excellent results, although the τ 1 failed. We found that the y-components of magnetic moments can be ignored and performed final refinements under the following conditions. Only the x and z components of magnetic moments are considered. The Mn21 and Mn22 sites are crystallographically identical. Therefore, the magnitudes of Mn21 and Mn22 moments are constrained as identical. In general, the magnetic structure consists of ellipsoidal spirals running on all three Mn-sites with independent phases. The spin 5/2 of Mn 2+ ions is almost isotropic.
[34] Therefore, we assumed a circular spiral magnetic structure.
The line on the observed pattern at 1.5 K in Fig. 4 shows a Rietveld refined pattern including both nuclear and magnetic contributions. It can well reproduce the observed pattern. Figure 5 depicts the coplanar spiral magnetic structure at 1. Figure 6(c) shows the integrated intensity I ds between 2θ = 24.4 and 26.7
• , where diffuse scattering is apparent, as presented in Fig. 3(b) . As T is lowered below T N1 , the value of I ds decreases, indicating that the diffuse scattering is weakened. We emphasize that M1, M2, L, and I ds change rapidly around T N2 = 1.75(5) K.
IV. DISCUSSION
We discuss the origin of the spiral magnetic structure in SrMn 3 P 4 O 14 . Most of spiral magnetic structures are caused by magnetic frustration among plural symmetric exchange interactions. As was described in the Section 1, magnetic frustration between NN and NNN exchange interactions in a uniform spin chain can generate a spiral magnetic structure. [36] We consider whether magnetic frustration between NN and NNN exchange interactions in a trimerized spin chain can generate a spiral magnetic structure or not. The two kinds of NNN exchange interactions (J 3 and J 4 interactions) may exist (Fig. 1) . The Hamiltonian of the exchange interactions is given as follows.
According to the experimental results, we restrict classical ground states of this Hamiltonian to states in which magnetic moments lie in the ac plane. The relative angle of each magnetic moment from the central Mn1 moment in Fig. 1 can be defined by one parameter such as −θ + ϕ 1 , −θ, and so on. The classical exchange energy per trimer is expressed as follows.
We examine whether we can reproduce the experimental values of θ, 114
• and 119
• at 1.5 K and 1.8 K, respectively, under the condition that the experimental values of ϕ 1 , ϕ 2 , and
The experimental values of ϕ 1 , ϕ 2 , and α are respectively 166 • , 164
• , and 0.96 at 1.5 K, and 170
• , 160
• , and 0.84 at 1.8 K. The θ dependent part of the classical exchange energy E ′ (θ) is given in Eq. (3).
The classical exchange energy shows a minimum at θ = 114
• when J 4 /J 2 ≡ j 4 = 0.53 and θ = 119
• when j 4 = 0.58. Consequently, the coplanar spiral magnetic structure in SrMn 3 P 4 O 14 can be explained by the frustration between the NN and NNN exchange interactions in the chains. The value of k y at 1.8 K is close to 1/3. We cannot determine whether the magnetic structure above T N2 is commensurate or not. In the frustrated trimerized chain model, it
is not meaningful whether commensurate or not. The following problems should be solved in further investigations. E ex is unchanged when we exchange ϕ 1 and −ϕ 2 . E ex can be a minimum when ϕ 1 = −ϕ 2 . Therefore, we cannot deduce the experimental values of ϕ 1 and ϕ 2 from this model. In addition, this model cannot explain the reason why the coplanar magnetic structure appears. We should consider anisotropy.
At present, the value of J 2 is not determined. If the J 2 value is small, dipole-dipole (dd) interactions between magnetic moments in the J 2 or J 4 bonds may affect the θ value.
Therefore, we consider the following Hamiltonian of the dipole-dipole interactions in the J 2 and J 4 bonds.
The vectors R 2 and R 4 are defined in Fig. 1 . We calculated the classical energy of the dd interactions. The first term in the parentheses { } can be renormalized in the classical exchange energy. A part of the second term can be also renormalized, while the other part of the second term cannot be renormalized. In incommensurate magnetic structures, the angle between a magnetic moment and the a axis (φ) can have any value in equal probability. We obtained the calculated results that the classical dd energy remaining after the φ average can be renormalized in the classical exchange energy. The θ dependent part of the classical total energy per trimer is expressed as follows.
As was described, the classical exchange energy E ′ (θ) ex shows a minimum at θ = 114
• when j 4 = 0.53 and when we use the experimental values at 1.5 K for the other parameters.
Similarly, the classical total energy E ′ (θ) shows a minimum when We briefly comment on the origin of the phase transition at T N2 = 1.75(5) K. As was shown in Eq. (5), the classical dd energy is renormalized in the classical exchange energy.
Therefore, the dd interactions cannot be a driving force of the phase transition. We speculate that the value of j 4 is changed at T N2 by a structural phase transition which we have not detected.
We describe another origin of spiral magnetic structures. 
V. CONCLUSION
We performed neutron powder diffraction experiments on the spin-5/2 antiferromagnetic trimerized chain substance SrMn 3 P 4 O 14 . The coplanar spiral magnetic structure appears below T N1 = 2.2(1) K. The propagation vector is parallel to the y axis with a typical y component of 0.3. The magnetic moments lie in the ac plane in the monoclinic crystal structure.
The magnetic diffuse scattering is apparent at low temperatures and remains even at 1.5
K. The shape of the diffuse scattering resembles one-or two-dimensional magnetic Bragg scattering with a cutoff at low Q and long tail at high Q (scattering vector magnitude).
Values of several magnetic structure parameters change rapidly at T N2 = 1.75(5) K, indicating another phase transition, although the magnetic structures above and below T N2
are the qualitatively same. The spiral magnetic structure can be explained by the frustration between the nearest-neighbor and next-nearest-neighbor exchange interactions in the trimerized chains.
